Wild-type cells of Aspergillus nidulans synthesize a transport system which appears to be specific for L-glutamate and L-aspartate. The system is energy dependent and concentrates L-glutamate at least 60-fold. In cells grown in the presence of 1% sucrose, L-glutamate uptake activity is regulated by ammonium control, although it is not certain whether this is at the level of transcription or translation. Mutants that are insensitive to ammonium control of certain other unrelated systems, e.g., nitrate reductase, are also insensitive, except in the case of one class of ammonium-insensitive mutants, to ammonium control of L-glutamate transport. The activity of this transport system is specifically impaired in a mutant at the aauA locus. This mutation results in poor growth with L-glutamate or L-aspartate as the sole carbon or nitrogen source and is recessive in the heterozygous diploid aauAl/+ for transport and growth characteristics. The likelihood that the mutation results in a defect of the transport mechanism rather than abnormal ammonium control is discussed.
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The transport and accumulation of amino acids by fungal cells has been investigated extensively in recent years. These studies revealed the presence of specific amino acid transport systems. Grenson and co-workers presented evidence for specific systems in Saccharomyces cerevisiae, i.e., lysine (15) , methionine (14) , arginine (16) , and histidine (9) . Pall carried out detailed kinetic analysis of amino acid transport of Neurospora crassa indicating the presence of three specific systems which transport neutral and aromatic (25, 34) , basic (26) , and acidic amino acids (27) , respectively. In Penicillium crysogenum there appear to be specific systems for methionine (5) , cystine (30) , proline, lysine, and arginine, as well as distinct acidic and basic systems (18) . In Aspergillus nidulans there is a system specific for ammonium (28) , urea (13) , and basic amino acids (10) .
In a number of these cases, the activity of a system is determined by the intracellular concentration of its substrate, e.g., histidine transport in yeast (9) . This control may be by feedback inhibition (transinhibition) and/or repression of the synthesis of some component of the uptake system.
In this communication we describe some of the properties of a transport system for L-glutamate and L-aspartate in A. nidulans. This system is regulated by ammonium repression.
Certain mutants which are insensitive to the ammonium repression, ammonium-derepressed mutants, of other unrelated systems, such as nitrate reductase, extracellular protease, xanthine dehydrogenase, and urea transport (29) , are also insensitive to ammonium repression of L-glutamate transport. (A preliminary report of the work was given at a meeting of the Genetical Society of Great Britain [20] .) MATERIALS AND METHODS Chemicals. Analytical-grade chemicals were used whenever possible. l4C-labeled L-amino acids, [14C]methylammonium, and ['4C]thiourea were obtained from the Radiochemical Centre, England.
Strains. A biotin-and putrescine-requiring strain, bil puA2 (Glasgow no. 0171), was used as the prototroph with respect to nitrogen metabolism. meaA8 and meaB6 are methylammonium-resistant, ammonium-derepressed mutants (2) . Strain DER-3 has a reduced level of methylammonium transport and is also derepressed for nitrate reductase activity. It is one of a series of ammonium-derepressed mutants derived from bil in replica plating mutagenesis experiments (J. A. Pateman, manuscript in preparation). xprDl is an ammonium-derepressed mutant obtained by selecting directly for ammonium derepression of extracellular protease production (6, 7) . gdhAl lacks nicotinamide adenine dinucleotide phosphate Lglutamate dehydrogenase activity and is simultaneously insensitive to ammonium control (21) .
Selection of aauAl. The putrescine technique of Herman and Clutterbuck (17) was used to isolate mutants unable to utilize L-glutamate as a sole carbon and nitrogen source. N-methyl-N'-nitro-Nnitrosoguanidine-treated conidia (1) of bil puA2 were point-inoculated onto -CN medium (see below) containing limiting putrescine (9.7 x 10-7 M) and 100 mM L-glutamate. After 3 to 4 days of incubation at 37 C, sectors showing spidery growth were isolated and purified.
Genetic analysis. The techniques for genetic analysis were those of Pontecorvo et al. (30) and McCully and Forbes (24) .
Media. The medium used for genetic analysis was essentially that described by Pontecorvo et al. (30) . Nitrogenless minimal medium (-N medium) described by Cove (8) and carbon-and nitrogenless minimal medium (-CN medium) were used. Most nitrogen and carbon sources were kept as sterile 1 M stock solutions. Others such as urea, L-asparagine, and L-glutamine, which are unstable with ammonium as one of the products, were made up immediately before use.
Growth of mycelium for uptake assays. The mycelium was grown in shaken culture for approximately 20 h at 25 C and harvested by filtering on nylon cloth (8) . When the mycelium was given some special treatment, it was transferred after harvesting to the preheated treatment medium for the appropriate time and then reharvested. The mycelium was pressed dry with paper towels and weighed. Yields were usually 5 to 8 g/liter of medium. Cells were used immediately for uptake assays. Upon treatment with ninhydrin, a strongly stained spot for L-glutamate was present in all the chromatograms of the concentrated hot-water extract. The ninhydrin-stained spots were cut out, and their radioactivity was determined in Bray fluid in a Beckman liquid scintillation counter. The efficiency of the washing technique was tested by repeating the above procedure except that 200 MM sodium azide was added to the L-glutamate transport assay.
Amino acid uptake assay. Amino acid determination was basically that described previously (21 
RESULTS
Kinetics of L-glutamate transport. In the experimental system used, L-glutamate uptake was linear for at least 10 min after the addition of cells to the uptake medium (Fig. 1) . Similarly, L-aspartate transport was found to be linear for the first 10 min. This test time was adhered to throughout the uptake experiments.
The rate of L-glutamate uptake by prototrophic cells was measured for 10-5 to 8 x 10-4 M L-glutamate in the uptake medium. A Lineweaver-Burk double-reciprocal plot (23) Competition data. The specificity of the L-glutamate transport system was investigated by determining the effect of a number of amino acids and other chemicals on L-glutamate transport (Table 1) . Most of the substances had no significant effect on L-glutamate uptake. Only L-aspartate, L-cysteic acid, and ammonium showed significant inhibition.
A more detailed study was carried out on substances exerting inhibition to determine whether this is competitive or noncompetitive. The inhibition of L-glutamate by L-aspartate was measured under standard conditions. LGlutamate was used at 4 x 10-5 to 8 x 10-4 M in the presence of 2 x 10-4 and 6 x 10-4 M L-aspartate. L-glutamate and L-cysteic acid were found to be competitive inhibitors of L-aspartate uptake; the Ki values were 9.5 x 10-5and 5.0 x 10-5 M, respectively.
No detectable L-cysteic acid uptake was recorded, and it was therefore not possible to determine (i) the Km for L-cysteic acid uptake and (ii) inhibition effects of other amino acids on L-cysteic acid uptake.
Intracellular concentration of L-glutamate. A total of 42% of the radioactivity in the hot-water extract was associated with the Lglutamate spot, and a further 15% was associated with the other ninhydrin spots. Thus, the cells had a considerable L-glutamate pool even though L-glutamate was being converted into other metabolites. After 10 min in the uptake medium, the intracellular concentration of free 
a Wild-type cells were grown for 18 h on -N medium containing 10 mM urea and harvested, and routine L-glutamate transport assays were carried out. This procedure was repeated except that the above compounds were added to the L-glutamate transport assay. The amount of inhibition brought about is defined as a percentage of the control. L-glutamate calculated on the whole cell volume was 36.4 AM. At the same time, the extracellular concentration of L-glutamate in the uptake medium was 0.59 ,M. Thus, the cells were able to concentrate L-glutamate more than 60-fold in spite of the conversion of L-glutamate into other metabolites. This is a minimal estimate of the concentration since the actual volume of the intracellular L-glutamate pool must be less than the whole cell volume. Only 4% of the radioactivity was found in sodium azide-treated cells as compared to untreated cells, indicating that the washing procedure was efficient. Only a small amount of radioactive L-glutamate remained attached to the outside of cells in which the L-glutamate uptake system was inhibited by sodium azide.
Energy requirements of L-glutamate transport. The data presented in Fig. 4 show the effect of two metabolic uncoupling agents, mino Acids the concentration was 0.15%).
High levels of L-glutamate uptake were found in cells grown on -N medium containing 10 mM glutamate (Fig. 5) . Similar levels were found in cells grown on -N medium containing 10 mM L-aspartate, L-alanine, L-serine, L-arginine, L-proline, L-asparagine, L-phenylalanine, L-ornithine, nitrate, urea, or Casamino Acids (for clarity, not shown in figure) . In contrast, when ammonium was the sole nitrogen source there was a 20-fold decrease in L-glutamate uptake. However, high levels of uptake were found in cells grown on ammonium and transferred to nitrogen-free medium (-N medium) for 3 h.
It was important to establish whether low uptake was attributable to ammonium inhibition/repression or due to a secondary effect, e.g., lack of energy when ammonium is used as a sole nitrogen source. Cells were grown on both ammonium and glutamate to determine this point; i-glutamate uptake is minimal under such conditions. (Fig. 5) .
Cells deprived of carbon for 3 h had minimal L-glutamate uptake activity (Fig. 6) . When L-glutamate was used as a carbon source, high levels of activity resulted. The addition of ammonium to L-glutamate as a carbon source did not significantly influence the rate of transport. This is in contrast to the situation with glucose as the carbon source, where the addition of ammonium resulted in low activity. (Fig. 8) . In contrast, L-phenylalanine and Lserine uptake were not affected markedly by ammonium. Neither were L-alanine, L-tyrosine, L-asparagine, or L-glutamine uptake (for clarity, not shown in Fig. 8 ).
The inability of ammonium to inhibit or repress the uptake of L-tyrosine, L-phenylalanine, or L-serine was confirmed by toxicity reversal tests (Table 2 ), in which it was shown _______________________ that ammonium does not reverse the toxicity of Wild-type cells grown on -N medium containing 10 mM ammonium and transferred to -N medium for 3 h had a high level of L-glutamate transport. The addition of 2 ,g of actidione per ml to the uptake assay system at 0 s did not decrease the high level of L-glutamate transport in these cells. The addition of 2 gg of actidione per ml during the period on -N medium prevented the increase in L-glutamate uptake (Fig. 7) . This suggests that protein synthesis is necessary for the recovery of a high L-glutamate transport after repression, since actidione stops protein synthesis in fungi (31) and is not toxic to A. nidulans at this concentration (11) .
Transport of other L-amino acids grown with ammonium as the sole nitrogen source. Since ammonium was found to profoundly influence the rate of uptake of L-glutamate, the possibility was investigated that other amino acid transport systems may be affected simi- FIG. 7 . Effect of actidione on L-glutamate transport. Wild-type cells were grown on -N medium containing 10 mM ammonium for 18 h, harvested, and transferred to nitrogen-free medium for 3 h, and the level of L-glutamate transport was determined over 10 min in the absence (-) and presence (0) of actidione. This procedure was repeated except that actidione was added to the treatment medium (nitrogen-free medium) at zero time (A). taining 10 mM ammonium for 3 h. The results in Fig. 9 show the L-glutamate uptake status of derepressed mutants grown on ammonium.
It was also necessary to check the possibility that some of the ammonium-derepressed mutants may have low Irglutamate uptake activity in the absence of ammonium. In this case, the cells were grown on -N medium containing 0.15% Casamino Acids and nitrogen-starved for 3 h (Fig. 10) .
The degree of ammonium derepression was expressed as a percentage (Table 3) . From the Fig. 9 and 10: percent derepression = [activity on 10 mM ammonium (Fig. 9) 1/[activity on -N free medium ( Fig. 10) ]} x 100. this mutation assorted freely with all chromosome markers except nicB. Therefore, the mutation resulting in low L-glutamate uptake, designated aauAl (aau for amino acid uptake), is located in linkage group VII. aauAl grows as well as wild type with the following nitrogen sources: inorganic nitrogen, nitrate urea, or ammonium; neutral amino acids L-serine, L-alanine, or L-valine; aromatic amino acids L-phenylalanine and L-tyrosine; and basic amino acids L-arginine, L-ornithine, L-asparagine, and L-glutamine. The Transport of L-glutamate and certain other nitrogen sources by aauAl. Representative amino acids and certain inorganic nitrogen compounds were used to determine the uptake characteristics of aauAl. These were L-glutamate and L-aspartate; L-phenylalanine, L-alanine, and L-serine; L-arginine and L-glutamine; and thiourea and methylammonium. aauAl has low uptake of L-glutamate and L-aspartate but normal uptake of the rest (Table 4) .
The heterozygous diploid aauAl/+ has normal uptake of L-glutamate and L-aspartate, indicating that the aauAl mutation is recessive to its wild-type allele.
Resistance of aauAl to certain toxic analogues. An attempt was made to correlate uptake deficiencies with resistance to certain toxic analogues of L-glutamate and L-aspartate. Unfortunately (2) , urea (13) , and L-asparagine (Kinghorn, unpublished data), respectively. The sensitivity of aauAl to these toxic substances provides additional evidence that the uptake systems for these groups of substances are normal in aauA1.
DISCUSSION
It is probable that Aspergillus nidulans possesses an active uptake system specific for the acidic amino acids L-glutamate and L-aspartate. There are three main lines of evidence which support this: (i) the marked reciprocal inhibition of uptake by L-glutamate and Laspartate and the comparatively minor effects of other amino acids; (ii) the mutation aauAl which affects the L-glutamate and L-aspartate uptake system alone; and (iii) the regulatory effect of ammonium which is confined to the L-glutamate and L-aspartate uptake system alone of the amino acid uptake systems studied.
It is probable that the aauA gene specifies a structural component of the L-glutamate transport system. There remains a possibility that aauA is a regulatory locus and the mutation aauA1 results in repression in the absence of ammonium and the consequent shut-off of Lglutamate transport. If this is so, the regulatory effect of the aauAl mutation is specific to the a Wild-type and mutant cells were grown for 18 h on -N medium containing 10 mM urea and harvested, and the transport levels of the above amino acids were determined over 10 min. V ,GLUTAMATE TRANSPORT IN A. NIDULANS L-glutamate transport system, unlike the mutants of A. nidulans areAl (3) and amrBl (22) . Each of these mutants has control defects in a number of ammonium regulated systems, including L-glutamate transport.
It is not clear whether ammonium control of L-glutamate transport is due to inhibition of an already synthesized system or repression of the synthesis of such a system. It was shown that ammonium reduces L-glutamate transport by approximately 35%, but this could be some form of inhibition rather than repression. On the other hand, the addition of actidione, an antimetabolite which stops protein synthesis in fungi (31) , prevents an increase in L-glutamate uptake when cells are derepressed. This may imply that the appearance of the uptake system in such derepressed cultures is due to de novo synthesis of the uptake system. However, the possibility cannot be ruled out that the reduction of L-glutamate transport by actidione is due to a high pool of a certain metabolite(s), possibly an amino acid, which accumulates as a result of the inhibition of protein synthesis. Therefore the question remains open and, with these points in mind, we referred to the phenomenon as ammonium repression.
Although regulation of L-glutamate transport by ammonium is fairly clear, the role of the carbon status of the cells is not so evident. In the absence of a good carbon source such as glucose, ammonium repression does not operate. This phenomenon has also been found where the substrate can be used both as a carbon and nitrogen source, e.g., protein (6, 7) and acetamide (19) . It is reasonable that Lglutamate transport should also be regulated by some carbon metabolite since L-glutamate can be used as a source of carbon. Complete repression of L-glutamate transport is only found in cells grown with glucose as a carbon source and ammonium. In contrast, substrates of ammonium-regulated systems that cannot be used as carbon sources are not subject to carbon control, e.g., urea and urea transport (E. Dunn, unpublished data).
